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Abstract 
U – Np – O phase equilibria was experimentally studied by X-ray diffraction in reducing and oxidizing conditions. Both (U1-
yNpy)O2 stoichiometric and hyper-stoichiometric compounds were characterized after a heating treatment and resulting lattice 
parameters were compared to that of previous studies. Synthesized stoichiometric compounds are monophasic and their lattice 
parameters as a function of Np content are in nice agreement with the Vegard’s law between UO2 and NpO2 end-member. 
Resulting compounds after an oxidizing heat treatment of the stoichiometric samples confirm previous reported U – Np – O 
relationship. For low Np content, a biphasic hyper-stoichiometric compound is observed: a (U1-y’Npy’)O2+x phase (space group 
fm-3m) and a (U1-y’’,Npy’’)3O8 phase (space group C2mm). For higher Np content (with starting material y = 0.7), only one 
monophasic hyper-stoichiometric phase (U1-y’Npy’)O2+x appears. Lattice parameters of the (U1-y’’,Npy’’)3O8 phase differ from 
the ones of pure U3O8, indicating some Np solubility in this compound. Although Np might remain tetravalent in the (U1-
y’’,Npy’’)3O8 phase, this result is in conflict with the assumption of Yamashita et al. (1994).  
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1. Introduction 
Occupying an intermediate position between uranium and plutonium in the actinide series, Neptunium has a 
strong propensity to remain tetravalent in solid-state compounds, as in the dioxide NpO2, which is very stable 
regardless of the atmosphere [1]. However, little is known on its chemical behavior when mixed with others 
actinide oxides.  
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Completing Paul' experimental study [2], Yamashita et al. [3] realized high-temperature X-ray diffraction 
(XRD) measurements on (U1-yNpy)O2 samples in various atmospheres and proposed the most advanced U – Np – 
O phase diagram up to date. Both studies highlight the formation of a biphasic domain U3O8 + (U1-y’Npy’)O2+x, 
when stoichiometric materials are heated under oxidizing atmosphere for y, the Np content, up to 0.4 – 0.45. For 
y > 0.45, the hyper-stoichiometric (U1-yNpy)O2+x material is monophasic. However, both studies diverge regarding 
the Np solubility in the U3O8 phase. Whereas, thanks to metallographic analysis, Paul observes by a slight 
solubility of Np [2], Yamashita et al. [3] assume the absence of Np in the U3O8 phase.  
In the present study, so as to clarify phase equilibria in the U – Np – O system, we accurately characterized 
both (U1-yNpy)O2 stoichiometric and hyper-stoichiometric compounds and compared our results with previous 
reported data.  
2. Experimental details 
In a first step, four stoichiometric powder samples of (U1-yNpy)O2, y = 0.1, 0.2, 0.3 and 0.7 were prepared 
starting from UO2 and NpO2 powders sintered 2×20 h under Ar/5%H2 at 1773 K and with an intermediate 
grinding. In a second step, these samples were oxidized in air at 1473 K for 10 h. Heating and cooling rates are of 
4°/ min and the gas turnover rate of ca. 20L/h.  
Room-temperature XRD measurements on stoichiometric samples as well as on final compounds were carried 
out with a BRUKER D8 diffractometer with Bragg-Brentano geometry implemented in a glove-box dedicated to 
nuclear materials handling (LEFCA, CEA Cadarache, Fr.). The X-ray beam is supplied by a conventional Cu 
radiation tube source (40KeV, 40 mA). Good signal-to-noise ratio patterns were recorded with a LynX’Eye fast 
counting detector from 20 to 145° in ca. 40 min. Patterns were analyzed with the TOPAS v.4 software according 
to the Pawley method and based on the fundamental parameters approach. Refinements were obtained with Rwp 
factors ranging from 5 to 9 and final error on lattice parameter value is of 10-3 Å. 
3. Results 
3.1. Stoichiometric materials 
 
Fig. 1: (a) XRD patterns of the four solid solution powders obtained after a heat treatment in Ar/H2 at 1773 K compared to pure UO2 NpO2 
(y=0.1, 0.2, 0.3 and 0.7). Weak reflections of the Mo ribbon are also visible.  
(b) Lattice parameters of (U1-yNpy)O2 samples as a function of composition following the Vegard’s law. 
NpO2
UO2
y=0.7
y=0.3
y=0.2
y=0.1
(a) (b)
474   Mélanie Chollet et al. /  Procedia Chemistry  7 ( 2012 )  472 – 476 
 
The quality and purity of the resulting powder after the first heat treatment at 1773 K in Ar/H2, were evidenced at 
room temperature by the sharp lines on the sample X-ray patterns, indicating monophasic compounds with no 
residual dioxide (Figure 1a). All lattice parameters are in nice agreement with the Vegard’s law between UO2 and 
NpO2 end-members, confirming the solid solution and the stoichiometry of the synthesized compounds (Figure 
1b and Table 1).  
 
Table 1: Lattice parameters of (U1-yNpy)O2 after the first heat treatment in Ar/H2, and (U1-y’Npy’)O2+x and (U1-y’’Npy’’)3O8 after the oxidizing 
treatment for all starting compostions. 
Np content in start. mat.: 0.1 0.2 0.3 0.7 
pure D-U3O8 
[4] 
Stoichiometric phase a (U1-yNpy)O2 (ǖ) 5.465(1) 5.461(1) 5.459(1) 5.443(1) - 
Hyperstoichiometric phase a (U1-y’Npy’)O2+x (ǖ) 5.423(1) 5.429(1) 5.428(1) 5.432(1) - 
M3O8 phase a (U1-y’’Npy’’)3O8 (ǖ) 6.749(1) 6.757(1) 6.751(1) - 6.716(1) 
M3O8 phase b (U1-y’’Npy’’)3O8 (ǖ) 11.886(1) 11.868(1) 11.884(1) - 11.960(1) 
M3O8 phase c (U1-y’’Npy’’)3O8 (ǖ) 4.151(1) 4.146(1) 4.149(1) - 4.147(1) 
 
 
2-theta angle (°) 
Fig. 2: XRD patterns of the oxidizing samples for starting materials with y = 0.7 above and y = 0.1 below. Black points represent the data and 
solid lines represent the patterns calculated with TOPAS package. Residuals are displayed below the XRD pattern.  
Series of ticks show present phases which are (U,Np)O2+x for y = 0.7 and (U,Np)O2+x and (U,Np)3O8 for y = 0.1. 
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3.2. Hyper-stoichiometric materials 
Figure 2 and table 1 respectively display X-ray patterns and cell parameters of the resulting hyper-
stoichiometric samples. Two-phase compounds are observed for Np contents of starting material of y = 0.1; 0.2; 
0.3: the resulting oxidized fm-3m fluorite structure supplemented by an orthorhombic C2mm space-group phase in 
approximately the same proportion. Only the fluorite-type phase is noticed in the limit of phase detection of few 
percents for y = 0.7, confirming previous studies [2-3]. Lattice parameters of the fluorite-type phase, ranging from 
5.423(1) to 5.432(1) Å for all compositions lower than that of stoichiometric compounds (U1-yNpy)O2 (table 1), 
might indicate that compounds (U1-y’Npy’)O2+x, are hyperstoichiometric. However, the final Np content in this 
hyper-stoichiometric compound, not well controlled, might also slightly influence lattice parameters. 
Using the expression of Yamashita et al. [3], the x value of oxygen excess can be estimated for the 
(U0.3Np0.7)O2+x composition to x = 0.17 according to: 
a0 (pm) = 547.04 – 7.5x – 3.66y   (1) 
This value is in good agreement with that of x = 0.20 found by Yamashita et al. [3] for the same composition 
and similar experimental conditions (heat treatment in air, 1273 K). As the value y’ of Np content for low-Np 
compositions (starting compositions of y = 0.1, 0.2, 0.3) can not be evaluated from XRD patterns, it was not 
possible to obtain the x value in (U1-y’Npy’)O2+x phases. 
3.3. The U3O8 phase 
The orthorhombic phase was identified on XRD patterns as a D-U3O8 type phase. However, lattice parameters 
differ from pure U3O8 phase (table 1), certainly indicating some Np solubility in the compound whatever the 
composition of the starting material. Indeed, lattice parameter a increases, b decreases whereas c remains nearly 
similar to pure U3O8 as well as the cell volume (Figure 3). Similar behavior was already observed when oxidizing 
(U,Pu)O2 compounds [5-6] with the emerging of a D-M3O8 phase (M = U + Pu) appears above 673 K in air 
treatment. The authors mentioned that the variations of lattice parameters are also due to deviation from 
stoichiometry to the oxygen-deficient side as it is known for U3O8 to accept hypostoichiometry [5]. The reported 
solubility of Pu in (U,Pu)3O8 is low as ca. 5% even from starting with 30% Pu dioxide [7]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 3: Lattice parameters a, b and c of (U1-y’’Npy’’)3O8 relative to the ones of pure U3O8. 
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The solubility of Np in D-U3O8 phase has already been experimentally studied by Finch and Kropf [8]. Similar 
qualitative variations of lattice parameters relative to pure U3O8 as in the present study are observed. As their 
samples are fully monophasic stoichiometric (U,Np)3O8 of various compositions synthesized from a liquid route, 
the authors suggest a Np content expression as a function of lattice parameters. Assuming our resulting 
(U,Np)3O8 phases are stoichiometric, the Np content is close to 0.1 whatever the starting composition. Moreover, 
as lattice parameters of the three emerging (U,Np)3O8 phases are close to each others for all starting compositions 
taking into account the errors, we propose that a single same phase appears saturated in Np at ca. 0.1 of content. 
 
4. Conclusion 
As described in literature [see 3 for example], we confirm here that Np is fully miscible with UO2 to form a 
solid solution. However, this study also shows that Np is miscible in U – O compounds of higher oxidation 
degree as in UO2+x and U3O8 phases, with oxidation state of U of V or VI. According to Finch & Kropf [8] and 
Paul & Keller [9], Np might remain tetravalent in such compounds which should explain its low solubility in D-
U3O8. Further X-ray absorption spectroscopy experiments will allow us to check the later assumption as well as 
microscopy observations and electron probe micro-analysis (EPMA) to quantify the Np solubility. 
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